This work investigated a rare earth element (REE) natural biogeochemical cycle in an area with a light rare earth element (LREE)-rich ferrocarbonatite intrusion. An REE determination in this geological environment allowed us to trace REE natural transfers in order to better manage future REE mining exploitations. Our findings suggest that although REE concentrations in abiotic compartments (soil and freshwater systems) and biotic samples (terrestrial and aquatic plants) were low, the LREE fractionation observed in the parent material was maintained along compartments. Additionally, Nd anomalies observed in the sediment pore water suggest a potential different biogeochemical cycle of this element in aquatic systems. According to the potential bioaccumulation of REEs in the organisms of two studied plants belonging to terrestrial and aquatic compartments, Equisetum arvense L. and Typha latifolia L. (respectively), we observed that REEs were not accumulated and that they showed limited REE transfer inside plants, but with an increased uptake of Eu relative to the other REEs. Our results indicated a low mobility and transfer of REEs from REE-rich bedrocks in a natural area toward terrestrial and freshwater systems, but also pointed to a dilution of the REE content in the different compartments, maintaining the LREE fractionation. Our findings provide new knowledge about the REE biochemical cycle in a natural area (from rocks to plants) and represent a starting point for an environmentally friendly exploitation of future REE mining areas.
Introduction
Rare earth elements (REEs) comprise the lanthanide group from lanthanum (atomic number, Z = 57) to lutetium (Z = 71) as well as two transition elements: yttrium (Z = 39) and scandium (Z = 21) [1] . They are naturally present in the environment, where they form a chemical group [2] of similar characteristics. Even though a recent study reported REE enrichment of more than 9000 mg kg −1 in peraluminous pegmatitic granites in Grenville Province (Quebec) [3] , lanthanides are more generally associated with alkaline magmas such as peralkaline silicate rocks and carbonatites [4] . The REE group can be divided essentially into three subgroups-LREEs (light rare earth elements), MREEs (middle 
Sampling Procedures
Four different rock types, designated as parent material (PM), were sampled. They corresponded with the four rock types that were drilled during the exploration operations of the GéoMégA Company.
Minerals 2019, 9, 573 4 of 17 They corresponded with the three carbonatite samples (ferrocarbonatite (B1), silicocarbonatite (B2), and polygenic breccia (N2)) and with the pyroxenite material (A2).
River surface waters (RWs) in the 7 sites were sampled directly in the field by a portable filtration device with a manual pressure bomb. Water-suspended materials (SMs) were collected directly in filters using the same equipment. A filtration device was rinsed with a solution of 30% hydrochloric acid and natural water (1:10) before sampling in each site. A control filter was stored after the cleaning procedure. The selected filters for retaining the water-suspended materials were made from cellulose acetate membranes with a pore size of 0.45 µm (OE67 Grade, Schleicher & Schüll ® , Dassel, Germany). River surface waters were stored in polypropylene tubes (VWR ® Metal-Free Centrifuge Tubes). These were previously rinsed with diluted solution of 65% HNO 3 and ultrapure water (Milli-Q ® , Merck) (1:10). Samples were acidified with 1% HNO 3 and stored in a cooler. The filters were placed in Petri dishes, transported to a laboratory, and dried over 5 d at 55 • C. Filter dry weights were recorded.
Soil samples (SOs) were collected near the riverside in 5 of the 7 studied sites. Two sites could not be sampled, one (N2) because it is only accessible using a boat and the other (B2) because of its deep (>50 cm) and wide (100% cover) organic layer (O Horizon). Upper organic layers (O Horizons) were carefully removed, and the soil samples were collected from the first 10 cm using a plastic hand shovel and were stored in rinsed polypropylene tubes. They were carefully placed in their corresponding tubes and stored in a cooler for their transport in order to avoid a modification of soil structure and aeration.
Sediment samples (SEs) were collected from the seven sampling sites by a strainer for the first 10 cm of sediments located in the riverbank. Samples were stored in previously rinsed polypropylene tubes following the procedure detailed above. Tubes were filled to the brim to reduce oxygen exposure, and overlying water was removed through small manual pressure. Samples were stored in a dark cool place for their transport. Once in the laboratory, sediment pore water extractions (PWs) were obtained by centrifuging aliquots of 50 mL of sediments over 20 min at 4000 rpm (Heraeus Multifuge X3, Thermo Scientific).
The aquatic plant Typha latifolia L. (TY) and the terrestrial plant Equisetum arvense L. (EQ) were collected manually, where present, in the sampling sites. These two species were selected because they both appeared over ferrocarbonatite rock in the B1 site. Typha latifolia L. was also found in the N2 and A2 sites, whereas EQ was present at 4 additional sites: N0, N1, A1, and A2. When possible, the plant material was divided into leaves, stems, and roots. Selected parts were gently cleaned with tap water to remove any adhered particle and later recleaned with ultrapure water. Samples were then stored in labeled paper bags and dried over 5 days at 55 • C. After that, dried samples were finely milled.
For all the studied fractions, replicates were not included in the sampling due to the high number of samples and technical constraints in the transport. A graphical description of the sampled material is summarized in Figure 1b . All samples were analyzed within the 3 months following sampling.
Physicochemical Extractions and Analyses
Parent material (PM) samples were analyzed for whole-rock geochemistry from NQ-sized half-cores (core diameter of 47.6 mm). The dried rock powders obtained from the cores (~20-50 g) were added to lithium metaborate flux (FUS-LI01) and fused in a furnace at 1000 • C. The resulting melts were cooled and dissolved in 100 mL of 4% HNO 3 (65%) to 2% HCl (30%) solution. The obtained solutions were then analyzed through inductively coupled plasma atomic emission spectroscopy (ICP-AES) for major elements, and trace elements were measured through ICP mass spectrometry (ICP-MS) after Li-metaborate fusion. For these analyses, three certified standards were used (OKA-1, OKA-2, and OREAS-146). Silica sand with an average of 32 mg kg −1 Ce was used as a standard sample during the sampling and subsequent analysis to discard any possible contamination. Rock analyses were performed by ALS Minerals (Val d'Or, QC, Canada): a more descriptive methodology can be consulted in Reference [15] .
To measure the environmentally available content of REEs in sediment (SE) and soil (SO) as the fraction potentially accessible to living organisms [13] , a partial extraction of~0.5 g of dried powdered material was performed by digestion in Teflon vessels with an acid mixture of HNO 3 /HCl (7:3 ratio) at 60 • C over 48 h [13, 24] . Suspended material in filters (SM) (average mass~0.1 g of dried material) and dried plant material (TY, EQ) (average mass~0.2 g of dried material) were digested by a mixture of HNO 3 /H 2 O 2 (10:2 ratio) under similar conditions. The REEs and other trace elements were determined on liquid samples for SE, SO, SM, TY, EQ, PW, and RW through ICP-MS (ICP-MS NEXION 300D spectrometer, University of Granada, Granada, Spain). Instrument measurements were carried out in triplicate using Rh as an internal standard. A blank and a replication of a previously measured sample were analyzed (10-15 samples) in order to validate the analytical procedure. The detection limit, calculated as the mean concentration plus three times the standard deviation, for all of the different lanthanide contents measured in the blank ranged between 0.001 and 0.043 ppb. The quantification limit, calculated as the mean concentration plus 10 times the blank standard deviation, ranged between 0.003 and 0.120 ppb. The accuracy of the selected methodology was evaluated through the selection and analysis of several reference materials following the same experimental procedures as the samples. Estuarine sediment (BCR-667) was selected as a reference for SE and SO and was digested with a HNO 3 /HCl mixture. The BCR-667 average recovery for REEs was 55 ± 12%. Mussel tissue material (BCR-668) and aquatic plant material (BCR-670) were also digested in addition to BCR-667 to validate the digestion procedure completed by HNO 3 /H 2 O 2 (SM, TY, EQ). The average recoveries for this procedure were 61 ± 14%, 104 ± 30%, and 74 ± 18% for BCR-667, BCR-668, and BCR-670, respectively. The obtained REE patterns for the reference materials did not show differences from the patterns of the certified values; therefore, REE fractionation through the selected digestion procedures could be discarded. SPS-SW1 Batch 120 was selected as a reference material for river water (RW) and pore water (PW). In this case, the recovery was 99 ± 4%. This liquid material was not treated before analysis, and thus the partial recoveries in the other reference materials were due to the selected digestion procedures (environmentally available REE content) and not to the measuring equipment.
Data Analyses
To describe the REE distribution in parent material, values were normalized to chondrite [25] and to North American shale composite (NASC) [26] . The REE contents of the other studied abiotic (SO, SE, PW, RW, SM) and biotic (EQ, TY) samples were normalized to NASC [26] . After normalization, the La [N] /Yb [N] ratio was calculated to quantify the fractionation of the LREEs over the HREEs, with [N] referring to the corresponding normalized value. The Eu and Nd anomalies were quantified using the Eu/Eu* and Nd/Nd* ratios, respectively, as follows:
Bioaccumulation factors (BAFs) and bioconcentration factors (BCFs) were calculated to compare plant REE accumulation. Specifically, BAFs were obtained by normalizing the REE content of terrestrial (EQ) and aquatic (TY) plant materials (mg kg −1 ) to the soil and to sediment, respectively. BCFs were calculated on the basis of both river surface water (RW) (mg L −1 ) and sediment pore water (PW) (mg L −1 ) to trace the metal accumulation of the aquatic plant (TY), which could be taken directly from water courses.
Translocation factors (TFs) were calculated in the studied plants from leaves to stems (TF1) and from stems to roots (TF2) to assess the potential translocation of REEs. They were calculated as follows: TF = C1/C2, with C1 corresponding to the leaf value for TF1 and the steam value for TF2 and C2 corresponding to metal concentrations (µg g −1 ) in the stem (TF1) and in the root (TF2). A TF value above 1 indicates efficient metal translocation by the plant.
Finally, the biogeochemical cycle of REEs was assessed using LREE/(MREE + HREE) ratios that were calculated for all sampled materials, with LREE corresponding to lanthanides between La and Nd (both included) and MREE and HREE to the other lanthanides (Pm omitted). The obtained ratios were compared to each other and to the NASC ratio, which is commonly used as a standard composition. The differences between the means of the ratios obtained for each sampling site were compared using ANOVA and a post hoc Tukey's test (p < 0.05). All of the statistical analyses were performed using SPSS v.20.0 (SPSS Inc., Chicago, IL, USA), and the graphical analysis representation relied on Microsoft Excel (v. 2013). Graphical representations of the normalized ratios presented in this document are plotted on a log scale.
Results and Discussion

REE Distribution in the Parent Material
The ferrocarbonatite (B1) was the most REE-enriched parent material (PM) among the four investigated in this study, with an average REE content of 12,079 mg kg −1 (Table S1 ). The polygenic breccia with a silicocarbonatite matrix (N2), greenish-brown silicocarbonatite with minor ferrocarbonatite (up to 5% of the total volume) (B2), and gray pyroxenite (A2) contained an average REE content of 7150 mg kg −1 , 1750 mg kg −1 , and 1598 mg kg −1 (Table S1 ), respectively. All parent materials showed a steep chondrite-normalized REE pattern with no Eu anomaly (Eu/Eu* ranging from 0.97 to 1.06, Figure 2 , Table S1 ) and a strong fractionation of the LREE over the HREE (La [N] /Yb [N] ranging from 46 to 400, Figure 2 , Table S1 ). In addition, the ferrocarbonatite matrix (B1) showed a slight positive Nd anomaly (Nd/Nd* of 1.64, chondrite-normalized, Figure 2a , Table S1 ). The North American shale composite (NASC)-normalized REE patterns of all parent materials were also characterized by a strong fractionation of the LREE over the HREE and presented slightly positive Eu and Nd anomalies, as shown by an Eu/Eu* ranging from 1.07 to 1.70 ( Figure 2b , Table S1 ) and by an Nd/Nd* ranging from 0.90 to 1.56 (NASC-normalized, Figure 2b , Table S1 ).
REEs are usually concentrated in most evolved melts from the continental crust (e.g., Chakhmouradian and Wall [4] ). Accordingly, the pyroxenite from sampling site N1 and the basalt from sampling site N0 ( Figure 1 ) were expected to have very low REE contents (not higher than tens of ppm) [22] . In the same way, the tonalite (A1) was expected to have higher REE contents than the pyroxenite and the basalts due to its higher differentiation, but lower contents than the REE-rich carbonatite, i.e., not higher than a few hundreds of ppm, as shown by the REE content of ca. 113 ppm of a more evolved granite in the area [22] .
The results show that the ferrocarbonatite (B1) facies investigated in this study had REE contents that were 1.7 to 7.6 times higher than other parent materials. In addition, the ferrocarbonatite was essentially an LREE-rich lithology, as shown by the La [N] /Yb [N] ratio (chondrite-normalized) of 400 ( Figure 2a , Table S1 ). Figure 3a) show that soil samples A1, A2, and B1 had similar REE contents and values that were around twice as high as soil samples N0 and N1. In addition, we observed that the LREE values were higher than the unit (corresponding to LREE enrichment) in samples A2 (for La, Ce, Pr, Nd, Sm, and Eu), A1 (Ce, Nd), and B1 (La, Ce, Pr). In the E. arvense plant, the greatest REE concentrations were reported in all cases for EQ stems, and the higher REE accumulations appeared in both the stems and leaves of samples above N0, N1, and B1. Figure 3a) show that soil samples A1, A2, and B1 had similar REE contents and values that were around twice as high as soil samples N0 and N1. In addition, we observed that the LREE values were higher than the unit (corresponding to LREE enrichment) in samples A2 (for La, Ce, Pr, Nd, Sm, and Eu), A1 (Ce, Nd), and B1 (La, Ce, Pr). In the E. arvense plant, the greatest REE concentrations were reported in all cases for EQ stems, and the higher REE accumulations appeared in both the stems and leaves of samples above N0, N1, and B1. The mean REE content in plants suggests that there was not necessarily a correlation with the content observed in the soils (Table 1) , i.e., soils with the highest REE contents did not necessarily contain the REE-richest plants. A fractionation of the LREEs over the HREEs observed in soils was also observed in the studied plant samples ( Figure 3 , Table 1 ). The NASC-normalized REE patterns of both stems and leaves from sampling sites N0, N1, and B1 showed positive Eu anomalies (Figure 3 ). On the other hand, the ubiquitous slightly positive Nd anomalies observed in the soils were not detected in plant material ( Figure 3 ). The NASC-normalized La [N] /Yb [N] ratios of the soil samples, stems, and leaves ranged from 3.9 to 15.4, from 3.6 to 15.0, and from 4.0 to 35.1 (Table 1) , respectively. These features attested to a lower fractionation of the LREEs over the HREEs compared to the one observed in the parent material. On the other hand, the stems and leaves of Equisetum arvense L. (EQ) showed no fractionation of the LREEs over the HREEs in their soil-normalized REE patterns (Figure 3b ,c). These contrasted fractionations of the LREEs over the HREEs between soils and plant stems and leaves point to (i) a more efficient assimilation of the HREEs from the soils by the plant tissues compared to the LREEs, which could have been due to (ii) some form of LREE saturation of the plant tissues, leading to a relative uptake of the HREEs, therefore preventing the preservation of the fractionation of the LREEs over the HREEs in their soils.
Soil-Plant Distribution of REEs
of both stems and leaves from sampling sites N0, N1, and B1 showed positive Eu anomalies ( Figure  3 ). On the other hand, the ubiquitous slightly positive Nd anomalies observed in the soils were not detected in plant material ( Figure 3 ). The NASC-normalized La[N]/Yb[N] ratios of the soil samples, stems, and leaves ranged from 3.9 to 15.4, from 3.6 to 15.0, and from 4.0 to 35.1 (Table 1) , respectively. These features attested to a lower fractionation of the LREEs over the HREEs compared to the one observed in the parent material. On the other hand, the stems and leaves of Equisetum arvense L. (EQ) showed no fractionation of the LREEs over the HREEs in their soil-normalized REE patterns (Figure 3b ,c). These contrasted fractionations of the LREEs over the HREEs between soils and plant stems and leaves point to (i) a more efficient assimilation of the HREEs from the soils by the plant tissues compared to the LREEs, which could have been due to (ii) some form of LREE saturation of the plant tissues, leading to a relative uptake of the HREEs, therefore preventing the preservation of the fractionation of the LREEs over the HREEs in their soils.
Bioaccumulation factors (BAFs) are useful indicators for determining a plant's ability to accumulate REEs with respect to soil concentrations. For the different terrestrial plant materials (leaves and stems), BAFs were calculated in reference to soils ( Table 1 ). The obtained low BAF values (lower than 0.108) show that the REEs were not accumulated in the selected terrestrial plant. Translocation factors (TF1s) are used to indicate the limit or the efficient translocating action inside plants. The TF1s calculated between stems and leaves were in all cases lower than 1 (between 0.04 and 0.70, Table 1 ), which points to a limited transfer of the REEs inside plants. Bioaccumulation factors (BAFs) are useful indicators for determining a plant's ability to accumulate REEs with respect to soil concentrations. For the different terrestrial plant materials (leaves and stems), BAFs were calculated in reference to soils ( Table 1 ). The obtained low BAF values (lower than 0.108) show that the REEs were not accumulated in the selected terrestrial plant. Translocation factors (TF1s) are used to indicate the limit or the efficient translocating action inside plants. The TF1s calculated between stems and leaves were in all cases lower than 1 (between 0.04 and 0.70, Table 1 ), which points to a limited transfer of the REEs inside plants.
The average environmentally available REE contents of the investigated soils ranged from 85 to 191 mg kg −1 (Table 1) . These values were similar to those reported for an area in China (average of 179 mg kg −1 ) that is far from large populations, urbanization, and industrialization [27] . In the five studied soil samples, we only observed LREE enrichment in A1 (tonalite bedrock), A2 (pyroxenite bedrock), and B1 (ferrocarbonatite bedrock). It has been previously reported that REE concentrations in soils do not directly reflect bedrock concentrations [7] , as was reflected in our study. In addition, elements can display different biogeochemical behaviors in natural weathering environments, and therefore differences in individual REE distributions are common [28] . Cerium was the most concentrated REE in the investigated soils, which is consistent with its natural predominance in the environment [27, 29] . Even though the REE contents of the plant tissues presented in this study exceeded the limit of detection (Table S1 ), they were rather low and should therefore be interpreted carefully. The REE contents in the plant tissues as well as both BAF and TF1 factors indicated that REEs were not efficiently accumulated in the terrestrial plants sampled in our study area. There were no data showing that plants were dependent on REEs to grow [29] . The total REE contents of the wild plants reported by Reference [27] ranged from 1.03 to 48.25 mg kg −1 , which was similar to the results obtained in the present study (0.16-10.41 mg kg −1 ) ( Table 1 ). While Reference [30] has stated that a lower REE content can be found in vascular plants from the eastern Canadian Arctic (0.15 mg kg −1 ), Reference [27] has also reported low bioaccumulation factors, indicating that REEs barely transfer from soils to plants. Additionally, E. arvense showed little REE content retained in the leaves, which points to an inefficient translocation to the aerial part of the plants.
The data presented in this study showed remarkable Eu anomalies for plant material. Among the lanthanides, Eu has the highest standard redox potential [31] and shows the highest ability to be adsorbed in soils [32] , mainly due to the increase in soil pH and consequent Eu speciation in solution. Positive Eu anomalies in plants have been previously reported, e.g., in rice or wheat [33, 34] . Ding et al. [34] have suggested that Eu can exhibit geochemically anomalous behavior due to its positive divalent state and have proposed that Eu positive anomalies in soils are related to the distribution of inorganic phosphorus, which retains Eu as a phosphate precipitate. In the present work, soil properties and other macro-and micronutrients in plants were not determined. Therefore, we could not evaluate the role of these parameters in the observed anomalies in the plants above the studied soils. To date, research on the Eu anomalies in plants is scarce, and in view of what we observed in this study, more information is needed to better understand the fate of Eu and its behavior in soil-plant distribution.
Sediment-Water Interphase Distribution of REEs
The NASC-normalized rare earth element (REE) patterns for the sediments (SEs) are represented in Figure 4a . Figure 4b shows the REE patterns of the sediment pore water (PW), river water (RW), and suspended material in rivers (SM) normalized to the respective sediment. Figure 4c presents the REE patterns of the different studied materials of the aquatic plant Typha latifolia L. (TY) normalized to the respective sediment. The total REE content in all aquatic fractions, along with the La [N] /Yb [N] fractionation factors, the Eu/Eu* and Nd/Nd* parameters, the BAFs, the bioconcentration factors (BCFs), and the TFs, are reported in Table 2 . (Table 2) , and REE patterns were normalized to their respective sediments with no Nd anomalies but a slight Eu negative anomaly in B1 (Figure 4b , Table 2 ). The highest REE contents of the selected aquatic plant (TY) were obtained from roots (2.35 mg kg −1 ) ( Table 2 ). All of the investigated materials showed positive Eu anomalies in their sediment-normalized REE patterns (Figure 4c ), which was supported by the positive values obtained for the Eu/Eu*ratios ( Table 2 ). In all of the studied materials, the BAF values were commonly below 1, whereas the BCF values calculated from PW were between 8 and 169 and those calculated from RW were between 66 and 772, with higher values in the stems and leaves from sampling site B1 (Table 2 ). TF1 and TF2 were below 1, with the exception of TF1 from sampling site [N] fractionation factors, and Eu/Eu* and Nd/Nd* ratios of sediments (SEs), sediment pore water (PW), river water (RW), suspended material in rivers (SM), and the roots, stems, and leaves of the aquatic plant Typha latifolia L. (TY). The bioaccumulation factors (BAFs), bioconcentration factors (BCFs), and translocation factors in the plant were calculated by dividing the leaf content by the stem content (TF1) and the stem by the root (TF2).
Units
Sampling Sediment samples showed similar NASC-normalized REE patterns (Figure 4a) , with higher values for N0, N1, and A1. The latter corresponded with the highest REE environmentally available content, with an REE content of 184.9 mg kg −1 ( Table 2 ). All of the studied sediments also showed a fractionation of the LREEs over the HREEs, as shown by La [N] /Yb [N] , with the ratio ranging from 3.27 to 6.43 in the NASC-normalized REE patterns. Moreover, all sediment samples showed NASC-normalized REE patterns characterized by positive Nd anomalies, with an Nd/Nd* between 1.35 and 1.86 (Figure 4a , Table 2 ).
The highest REE contents from the liquid phases appeared in sediment pore water (PW), with average values 3 to 25 times higher than the REE content in the river (Figure 4b , Table 2 ). Among the samples, sample N0 had the highest REE content in PW, with an REE content of 99.4 µg L −1 ( Table 2 ). The REE sediment-normalized patterns of PW showed a depletion of Nd for N2, A1, B1, and B2, which was supported by the low Nd/Nd* ratio calculated from NASC-normalized values ( Table 2) . River water showed similar REE contents from all sampling sites (average of 3.8 µg L −1 ), with slight positive Eu anomalies for samples B1 and B2 in sediment-normalized REE patterns (Figure 4b ) and in NASC-normalized calculated Eu/Eu* ratios ( Table 2 ). The suspended material showed REE contents between 0.3 (B2) and 5.7 (N1) mg kg −1 ( Table 2) , and REE patterns were normalized to their respective sediments with no Nd anomalies but a slight Eu negative anomaly in B1 (Figure 4b , Table 2 ).
The highest REE contents of the selected aquatic plant (TY) were obtained from roots (2.35 mg kg −1 ) ( Table 2 ). All of the investigated materials showed positive Eu anomalies in their sediment-normalized REE patterns (Figure 4c ), which was supported by the positive values obtained for the Eu/Eu*ratios ( Table 2 ). In all of the studied materials, the BAF values were commonly below 1, whereas the BCF values calculated from PW were between 8 and 169 and those calculated from RW were between 66 and 772, with higher values in the stems and leaves from sampling site B1 (Table 2 ). TF1 and TF2 were below 1, with the exception of TF1 from sampling site N2 (Table 2) , which could be explained by (i) an REE transfer from stems to leaves and/or (ii) by the adsorption of REEs by atmospheric dust in aerial parts [35] .
These features were consistent with the obtained La [N] /Yb [N] fractionation factors, which showed moderately fractionated LREEs over the HREEs in all aquatic compartments, with generally higher La [N] /Yb [N] ratios for ferrocarbonatite sampling site B1, both in abiotic and biotic samples ( Table 2) .
Brito et al. [36] studied the REE content in sediments and halophyte plants (Sarcocornia fruticosa and Spartina maritima) in research performed in a salt marsh with high human pressure. They reported REE contents in sediments ranging between 32 and 190 mg kg −1 , which is similar to the values obtained in this study, although the sediments investigated in the Montviel area came from a zone that has not undergone human modification. On the other hand, the REE contents obtained from the aquatic Typha latifolia (TY) and terrestrial E. arvense (EQ) plants were far from those obtained from the halophyte plants analyzed by Reference [36] , which are known to be good sequesters of metals. In the same study, no differences in the fractionation between the LREEs and the HREEs were observed between sediments and root plants. This supports the results presented here from the investigated plants, which showed LREE enrichment similar to the sediments with high La [N] /Yb [N] ratios in plants despite their low REE contents. The positive Eu anomalies observed in the REE patterns normalized to their respective sediments from both aquatic and terrestrial plant tissues indicated an increased uptake of Eu relative to the other REEs. This feature was also observed by Reference [30] , who proposed that this could be due to (i) the reduction of Eu 3+ to the more mobile Eu 2+ under anoxic conditions or to (ii) the preferential transport of Eu 3+ into biota due to similarities to Ca 2+ . In addition, the suggestion by Reference [34] that Eu anomalies in terrestrial plants could be related to the distribution of inorganic phosphorous should also be considered.
Chevis et al. [11] studied the flux of REEs in a sandy subterranean estuary, and their results revealed that sediment characteristics (e.g., mineralogy or Fe content) can constrain REE transport. Rare earth elements can form strong complexes with a number of different ligands, and the environmental parameters will affect their distribution and therefore their availability in the different natural compartments [12] . We observed the lowest REE contents in the sediment fractions above carbonatite rocks (sampling sites B1, B2), but all material sampled in the ferrocarbonatite site (B1) showed NASC-normalized REE patterns with high La [N] /Yb [N] ratios and positive Eu anomalies. MacMillan et al. [30] observed (after normalization to different compartments and organisms, including freshwater systems) a clear downward slope with LREE enrichment compared to HREE. In addition, positive Eu anomalies were detected in the surface waters and in all of the vascular plants they studied, but not in the sediments. They suggested that these anomalies could be linked to (i) the reduction of Eu 3+ to the more mobile Eu 2+ ion (as explained before), but also to (ii) analytical interference from the BaO ion during the ICP-MS measurements [30] . Our data showed Eu recoveries for plant reference material (BCR-670) similar to those obtained for the other studied rare earth elements (data not shown). Therefore, BaO interference could be discarded. However, according to the low REE concentrations obtained for the different plant tissues, the calculated ratios should be interpreted carefully (the total Eu content of the different studied materials can be consulted in Table S1 ).
Chevis et al. [11] suggested that Nd fluxes could be directly influenced by the mineralogy of the sediments and that the released Nd will participate in Fe reduction. On the other hand, Casse et al. [37] supported that REE scavenging could be produced by adsorption onto Fe-organic colloids and particulate organic carbon. In the studied Montviel area, Nd also appeared to be anomalously enriched in REE-bearing fluorocarbonates from the carbonatites [15] . The potential for dissolution of such carbonates could account for strong Nd availability in subsequent environmental compartments, therefore supporting the positive Nd anomalies obtained for sediments and soils [24] . Moreover, the investigated sediments above the carbonatites showed the lowest Fe contents and the highest organic carbon content [24] . Although no chemical determinations were performed in pore water, it was expected that the negative Nd anomalies observed in our samples could be explained due to their physicochemical properties. According to Chevis et al. [11] (and in order to better understand the aquatic Nd cycle), more studies are needed.
In the fresh aquatic system considered in this study, we can conclude that REEs in sediments can be available in the pore water fraction. However, the Nd depletion relative to the other REEs observed in sediment pore water indicated the different behavior of this element compared to the other lanthanides. The highest REE concentrations from the investigated aquatic plants appeared as expected in roots. In addition, although the REE content in plants was low, LREE enrichment as well as Eu positive anomalies were detected.
Distribution of REEs along the Study Ecosystem
The LREE/(MREE + HREE) ratio was used to decipher how REEs were distributed along the abiotic and biotic components of the studied ecosystem and if some LREE enrichments occurred in the studied samples relative to the LREE content reported for the parent material. Significant differences between ratios were observed with the Tukey test (p < 0.05). In addition, the results were compared to the ratio obtained for the NASC values ( Figure 5 ). All abiotic samples showed higher LREE/(MREE + HREE) ratios than the NASC did. On the other hand, the leaves of T. latifolia showed the lowest values among the biotic samples, which were, however, also higher than the NASC.
It is worth noting the outliers for (i) the sediment and soils from sampling site B1, characterized by a higher LREE content; (ii) the suspended material and river water from sampling site B2, characterized by a higher LREE content but the lowest LREE content in sediment pore water; and (iii) sediment pore water from sampling site N1, characterized by LREE enrichment (Figure 5 ). The studied samples showed LREE/(MREE + HREE) ratios that were (i) ca. 0.7-4.9 times higher than the NASC ratios, which pointed to their potential LREE enrichment relative to the NASC; and (ii) ca. 0.9 to 6.0 times lower than in parent material, which pointed to their LREE depletion relative to PM. In addition to the parent material, the Tukey test showed significant differences only for soils, sediment pore water, and stems of the aquatic plant ( Figure 5 ).
(iii) sediment pore water from sampling site N1, characterized by LREE enrichment (Figure 5 ). The studied samples showed LREE/(MREE + HREE) ratios that were (i) ca. 0.7-4.9 times higher than the NASC ratios, which pointed to their potential LREE enrichment relative to the NASC; and (ii) ca. 0.9 to 6.0 times lower than in parent material, which pointed to their LREE depletion relative to PM. In addition to the parent material, the Tukey test showed significant differences only for soils, sediment pore water, and stems of the aquatic plant ( Figure 5 ). Amyot et al. [13] studied REE transfers in abiotic and food web components of several temperate lakes in Canada and observed that the dissolved organic carbon and oxygen, as well as the REE content in sediments, controlled the potential REE transfer into the aquatic system. The Amyot et al. [13] studied REE transfers in abiotic and food web components of several temperate lakes in Canada and observed that the dissolved organic carbon and oxygen, as well as the REE content in sediments, controlled the potential REE transfer into the aquatic system. The same authors also detected a trophic REE dilution along food webs. This trophic web dilution was confirmed by MacMillan et al. [30] , who studied REE contents from different compartments, including terrestrial and freshwater environments, and observed that the highest REE contents were found in biota in the base food web that belonged to terrestrial and freshwater systems. They concluded that the REE content decreased with trophic level across ecosystems. In addition, even though they observed that many REEs bioaccumulated, they did not appear to biomagnify within the different microcosms.
In this study, the LREE enrichment observed in the rock material seemed persistent in the studied components, even in biotic samples, which showed low REE contents and no clear transfer between plant tissues. From the calculated LREE/(MREE + HREE) ratios in the studied samples, the highest LREE enrichment appeared in the soil and sediment developed above the ferrocarbonatite material (B1). This observation was strengthened by the calculated La [N] /Yb [N] ratios (NASC-normalized). Additionally, it is interesting to highlight the outliers of the studied ratio in our aquatic ecosystem, which were observed in the sediment pore water fraction (PW) ( Figure 5 ). A negative outlier was obtained in the silicocarbonatite sampling site (B2), but a positive one was obtained in the pyroxenite sampling site (N1). These outliers could be explained by the observed Nd anomalies. Indeed, the sampling site B2 corresponded to the most negative Nd anomaly, whereas the sampling site N1 showed the highest and most positive Nd anomaly. Therefore, these findings also support that the geochemical cycle of Nd in aquatic systems does not necessarily follow the pattern of the other REEs.
Conclusions
This study provides novel data on the biogeochemical cycle of REEs in an undisturbed REE-rich geological area and establishes baseline data for future investigations, which are crucially needed for REE exploitation of mining areas. Although the REE contents in the parent material were really high for the ferrocarbonatite intrusion, the REE contents in the soil and aquatic compartments investigated in the study area were low. In addition, although it did not show clear correlations with bedrock concentrations, LREE enrichment of the solid fractions (soils and sediments) was observed above the ferrocarbonatite material. Even though REEs decreased along the investigated biogeochemical cycle, i.e., from solid to water fractions and to plants, LREE fractionations were still persistent over all studied materials. In addition, we observed positive Eu anomalies in plant material, which suggests an increased uptake of Eu relative to the other REEs. On the contrary, Nd negative anomalies were obtained from the sediment pore water fraction, which indicates a potential different biogeochemical cycle of Nd in aquatic systems compared to the other REEs. Although more studies and a larger range of organisms are needed to evaluate the REE impact on natural ecosystems, this study constitutes reference information for authorities and companies for opening REE mining exploitations in an environmentally friendly framework.
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